ABSTRACT
INTRODUCTION
The contribution of DER and expanded large-scale renewables (e.g. offshore wind farms) to the energy demand is increasing rapidly. HTS technology has a big potential to enable an efficient and flexible integration of these sources in transmission and distribution grids. This paper describes how smart HTS cables offer the solution to the challenges of this integration. Concerns about bottlenecks like transport capacity, voltage fluctuations, fault levels, reactive power and grid stability will be reduced. A pilot project being developed by the Dutch DSO Alliander, together with Ultera, to prove the capabilities of HTS technology will also be expound.
SMART CABLES: THE BENEFITS
When designing a distribution network with mixed load and generation, struggling to get a smooth voltage profile and limited short circuit currents is common. HTS cables are well known because of their large transport capacity and low energy losses. The latest generation HTS cables also have an improved non-linear voltage-current characteristic with a very low impedance during normal operation and a high impedance by increasing current (figure 1). It is a smart fault current limiting (FCL) HTS cable that adapts its behaviour to the needs of the grid. Thanks to this inherent property, it becomes much easier to integrate DER and large-scale renewables into existing grids. Regarding voltage losses, a significant improvement can be seen. This will be illustrated by comparing the voltage losses by supplying a load of 250 MVA. Normally a conventional 150 kV cable is used for this purpose. When replacing this cable by a 50 kV FCL HTS cable, to supply the same load, the voltage losses reduce to a third, even with a third of the voltage. Making this comparison at the same voltage levels will result in a reduction of 27 times the voltage losses. Prague, 8-11 June 2009 Paper 0577
INTEGRATION OF DER

Voltage variations
In a conventional grid a big difference between the voltages on load and generation feeders can be observed. By connection of DER using HTS cables, voltage increase in the generation feeders is reduced. As a result less voltage variations occur in the whole local distribution system (figure 2). 
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Short circuit currents
Furthermore, when in an existing grid DER is connected with conventional cables an increase in the short circuit current can be expected, often with exceedance of the short circuit withstands as result. The smart FCL HTS cable, on the contrary, will limit the current, making it possible to connect DER to existing distribution grids in an optimal way. Figure 3 shows an example where 30 MW generation is connected to a MV-grid. This causes exceeding of the dynamic short circuit current (b) on a grid with initially no problems at this respect (a). If instead of using conventional cables, the additional distributed generation is connected by means of a smart FCL HTS cable, the dynamic short circuit current is forced back to an acceptable value (c).
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Grid stability
A great barrier to DER integration is its effect on the stable operation of the power system. Let's take for example the dynamic behaviour of a generator when subjected to a short circuit. Because the current it injects to the grid becomes substantially higher, it is probable that it will be disconnected. This can result in undesired transient phenomena, leading to grid instability. The non-linear electrical behaviour of the smart FCL HTS cables serves to improve this aspect. Because a FCL HTS cable limits the short circuit current from the generator, the probability of disconnection decreases and so do the stability issues (figure 4). In this way the generator will automatically fulfil the criteria for fault ride through. Optimization of this mechanism is an important topic of research at Alliander.
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LARGE-SCALE RENEWABLES: OFFSHORE WIND FARMS
Regarding voltage losses, short circuit currents and stability, the same principles that have been explained above apply to large-scale renewable power sources, like offshore wind farms. Also in this case smart FCL HTS cables are a magnificent alternative to achieve a significant improvement on these aspects when connecting large-scale renewable power sources. Prague, 8-11 June 2009 Paper 0577
Besides those benefits, in the special case of offshore wind farms, there are other advantages to be enjoyed. In order to limit the energy losses, the offshore wind farms have to be connected to substations at higher voltage levels. Combination of these two aspects brings about increased reactive power production from the cables when using conventional technology and consequently growth of the requirements for reactive power compensation. Usually expensive bulky compensators are being installed at least at one side of the cable and in many cases at both ends. Moreover, offshore wind farms are conventionally connected using step-up power transformers installed on sea platforms.
Using smart FCL HTS cables, offshore wind farms can be connected to the grid in a revolutionary simplified way. Then fault levels become much lower and the wind farm can be connected at MV directly to the substation. In this new concept expensive and bulky transformation platforms and reactive power compensation units can be saved ( figure  5 ). The Alliander/Ultera developments will explore the limits for cooling long lengths using new efficient cooling systems and cryostats and with only one compact cooling station on shore for the whole HTS cable. Then only one compact cooling station on shore will be sufficient for the whole HTS cable. No support coolers on the way or a cooling station on a sea platform will be needed. 
PILOT PROJECT
At this moment there are only short HTS cables in operation, but thanks to developments in the cable and the cooling system it will be possible to make long HTS links in a near future. An important step to reach this goal will be the 6 km cable Alliander plans to install in the backbone power structure of the city of Amsterdam. This 50 kV HTS Triax™ cable will replace an external-gas-pressure (GPC) that is part of a 150 kV circuit supplying a 200 MVA load. The existing circuit will be retrofitted by pulling the GPC out of its steel duct and pulling a 50 kV FCL HTS cable into it. Here the potential of smart FLC HTS cables to allow the integration of DER and large-scale renewables will be demonstrated.
CONCLUSION
The emergence and development of smart FCL HTS cables will give an extra impulse to the penetration of DER and expanded large-scale renewables in modern grids. This technology has a big potential to enable an efficient and flexible integration of these sources in transmission and distribution grids. Smart FCL HTS cables offer a brilliant alternative to achieve significant improvements concerning voltage variations, short circuit currents and stability. Existing bottlenecks can be solved and new networks can be designed in a more efficient way.
